Measurements of assembled thermoelectric modules commonly include investigations of the module output power versus load resistance. Such measurements include non-ideal effects such as electrical and thermal contact resistances. Using an AC electrical measurement, two models for a thermoelectric module have been developed utilizing electrical circuits for both the thermal and electrical characteristics of the module.
INTRODUCTION
Thermoelectric (TE) modules are active devices, however, measurements of commercially available modules can be modeled using an equivalent passive RC circuit. This method of modeling works well for modules containing many pellets that are interconnected and contained between ceramic end caps. End caps help to concentrate the thermal component to the ends of the module leg. When the end caps are absent, the effects of thermal waves along the length of the legs are more accurately modeled using a transmission line model. Here we describe the impedance measurement details for the RC One-Port and transmission line models. Finally, this document will show some thermal images to help confirm the results of the thermal transmission line fit.
EXPERIMENTAL DETAILS
Using two phase locked DSP Lock-In Amplifiers, a frequency sweep is collected on the TE materials using the setup shown in Figure 1 (a). One lock-in is used to provide the AC voltage source signal and to measure the phase and magnitude of the current through the TE material by measuring the voltage across a known sense resistor, R SENSE . The second lock-in measures the phase and magnitude of the voltage across the TE material.
The TE material may be of three different forms: standard pn module configuration, a pn inline module configuration, or a single p or n-type sample. The TE material may be a commercially available thermoelectric module consisting of many TE pellets or a simple unicouple module (Figure 1(b) ). In this case, all non-ideal effects such as contact resistance between each of the pellets will be included in the impedance spectroscopy measurement. A convenient way to test the combination of n and p-type pellets is to place them in an inline configuration shown in Figure 1(c) . A pn inline module is simply a p-type and an n-type TE sample connected together in a straight line. The two materials are bonded together using a material such as silver paste, solder, or something that will diffuse into both samples to hold them together. In this configuration, there are fewer number of contacts contributing to the measurement, thus the measured ZT has a smaller influence from contact resistances. This is similar to the configuration reported by Iwasaki [1] where dc and single frequency ac measurements were used in determining ZT. The inline configuration also provides a simple and efficient way to make the module. Finally, the TE material may be a single n-type or p-type pellet (See Figure 1(d) ). The voltage probes may be moved to the ends of the sample but will then include contact resistance. To minimize thermal losses, the TE material is suspended by four wires (dia = 25.4 µm) connected to the terminals of the device in a vacuum (10 -6 Torr). The four wires are labeled β in Figure 1 (b, c, & d) and are typically copper wire for room temperature measurements and platinum for higher temperature measurements. The wires should have a thermal resistance much higher than that of the sample. For copper and platinum wires that are 25.4 µm in diameter, the thermal resistance per centimeter of wire length is 50,000 K/W and 279,000 K/W, respectively. A 5mm x 5mm x 7mm sample that has a thermal conductivity of 2.5 W/m·K has a thermal resistance of 1.12 K/W.
The sense resistor (a 49.9Ω chip resistor) is outside the measurement chamber, and is assumed to maintain a constant value throughout the frequency sweep. Using a small AC voltage so that the current through the TE material is approximately 10mA(RMS), the complex impedance can be calculated from the measured phase and magnitude of the voltage across and current through the TE material. Given the phase and magnitude of voltage across the sense
resistor (shown in Figure 1 (a) as V 1 -V 2 ), as θ SENSE and ν SENSE , respectively, and the phase and magnitude of V 2 as θ 2 and ν 2 , respectively, the magnitude of the impedance of the module is:
The phase of the impedance is:
The experimental data of the magnitude and phase of the impedance of a commercial TE module consisting of 254 pellets for power generation is shown in the next section where it will be evident that for low frequencies, the resistance of the module is much larger than at high frequencies. The figure of merit, ZT, of the module can be found by knowing the Seebeck coefficient, thermal conductivity, electrical conductivity, and temperature of the module as
or by using the modified Harman technique [1] where
.
RC ONE-PORT MODEL
A simple equivalent circuit ( Figure 2 ) has been used to model a commercially available thermoelectric module [2] . The model accurately fits to measured data for the module, and if the average thermopower of the module is known, the model provides thermal conductance and thermal capacitance of the module. By fitting to many test points over frequency, this type of a Z-meter can be used to extract additional information about the module. This method uses the critical frequencies (poles and zeros) found in the experimental data to give the values for R 1 and C 1 . By knowing the thermopower of the module (α), the thermal resistance (R THERMAL ) and thermal capacitance (C THERMAL ) can be found. The model for the large thermoelectric module is shown in Figure 3 where the electrical circuit and thermal circuit are coupled through the thermopower, electrical current, and temperature gradient. 
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THERMAL TRANSMISSION LINE MODEL
A second approach to modeling a TE module utilizes transmission line theory to account for the changes along the length of a sample that has a thermal wave. This approach is similar to using transmission line theory with electrical cables long enough to propagate an electrical wave. A similar method was used in Dilhaire's conference proceeding [3] for measuring an inline module that is thermally grounded. This model, yet more complicated than the RC one-port model, can provide a more realistic and detailed description of the thermal and electrical behavior of the module. Here, the individual components of the module can be separated out as series connected impedances as shown in Figure 4 . The model will also provide insight on the effects of thermally grounding one side of the module.
The electrical transmission line model has been applied to thermal dynamic studies [4] where an electrical circuit is used to represent the thermal activity such that heat flow is modeled as electrical current and temperature is modeled as voltage. Each component of the module is treated with the thermal transmission line model as shown in Figure 4 . Due to the Peltier effect, an alternating heat flow source is modeled as an electrical current source. Voltages V 1 and V 2 in this figure indicate temperature at their respective locations. Representing the parallel combination of thermal impedances Z 1 and Z 2 as Z 1 //Z 2 , we can calculate the temperatures at V 1 and V 2 as shown in (3) 
By knowing the dimensions and the thermal properties of the ceramics and the nickel traces used on the TE module, a fitting routine (called Thermal TLINE) was developed using LabVIEW software with results for the imaged module shown in Figure 5(a) . For a large TE module, the Thermal TLINE model is in good agreement with the data (Figure 5(a) ) but does not appear to fit much better to the data than the RC-One Port fit. However, when measuring an inline module or a single pellet, the Thermal TLINE model provides a much better fit to the data than the RC One-Port fit. For an inline module example, an n and p type pellet was removed from a commercially available module and bonded together with a solder (Cerromatrix®, Bi-PbSn-Sb) in the inline configuration. The overall length of the module is about 2.5mm. Due to the lack of space, the voltage probes are at the ends of the sample and therefore include contact resistance (See image in Figure 5(b) ).
Ceramic
Ceramic Nickel Nickel TE Pellets The data, shown in Figure 5 (b) shows a sharp change in impedance at low frequencies and a more gradual change in impedance at the higher frequencies when compared to the data for the 254-leg module. However, the Thermal TLINE model fits well to this behavior.
A singe p-type pellet made at Michigan State University (Na 0.8 Pb 20 Sb 0.6 Te 22 ) was measured as shown in Figure 5(c) . Here the voltage probes are within the ends of the sample therefore contact resistance is not included in the measurement. The data for a single pellet exhibits a dip where the zero critical frequency would be. This dip in the data is also predicted by the Thermal TLINE model and is due to probe position and the thermal wave developing along the length of the sample. When the probes are at the ends of the sample, the thermal wave at the ends of the sample are always 90 degrees out of phase. But, when the probes are within the ends of the sample, this is not the case.
In order to confirm the existence of a thermal wave across the TE material, a module was made using MSU's LAST (n-type) and LASTT (p-type) material, diagramed in Figure 6 shows that the temperatures at the junctions are 90 degrees out of phase but the temperatures with in the ends of the junctions are not. It is important to note that when a DC voltage source is applied for long time period, the temperature profile was found to be linear across the length of the p-type pellet. 
CONCLUSIONS
A model for measuring commercial TE modules, inline modules, and single TE pellets has been made and tested. This Thermal TLINE module explains the AC impedance behavior of the TE elements along with infrared imaging to confirm the results of the model. This method of measurement can be used at higher temperatures but is affected by radiation loss. Future work includes finding ways to reduce the radiation loss in the measurement so that accurate high temperature measurements can be made. 
